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Abstract 

The fasciculins are a family of closely related peptides that  are isolated from  the venom of mambas and exert their 
toxic action by inhibiting acetylcholinesterase (AChE). Fasciculins  belong to the structural family of three-fingered 
toxins from Elapidae  snake venoms, which include the  a-neurotoxins  that block the nicotinic acetylcholine re- 
ceptor  and the cardiotoxins that interact with  cell membranes. The features unique to  the known primary and ter- 
tiary structures of the fasciculin  molecule  were analyzed. Loop 1 contains an arginine at position 11,  which  is found 
only in the fasciculins and could form a pivotal anchoring  point to  AChE.  Loop I1 contains five cationic residues 
near its tip, which are partly charge-compensated by anionic side chains in loop 111. By contrast,  the  other three- 
fingered toxins show full charge compensation within loop 11. The  interaction of fasciculin with the recognition 
site on acetylcholinesterase was investigated by estimating a precollision orientation followed by determination 
of the buried surface  area of the most probable complexes formed,  the electrostatic field contours,  and  the de- 
tailed topography of the interaction  surface. This approach has led to testable models for  the orientation and site 
of bound fasciculin. 
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The fasciculins are 6,800-Da peptides found in the venom of 
snakes from the  mamba family. The isolated peptides have  been 
shown to be potent  inhibitors of acetylcholinesterase (AChE) 
(Karlsson et al., 1984). Four fasciculins have been described to 
date: fasciculin 1 (Fasl)  and fasciculin 2 (Fas2) from Dendro- 
aspis angusticeps (eastern green mamba), toxin C  from Den- 
droaspispolykpis (black mamba), and fasciculin 3 (Fas3) from 
Dendroaspis  viridis. Their primary structures are known (Karls- 
son et a]., 1985). Fas3 and toxin C were found  to have identi- 
cal primary structures (Marchot et al., 1993).  All three fasciculin 
structures contain 61 amino acids and differ only by one to three 
residues. So far only the crystal structure of Fasl has  been  solved 
(Kinemage 1; le  Du et al., 1992). These peptides fall into  a larger 
family of small three-fingered peptide toxins from  Elapidae 
snake venoms; other members of this family are the  cardiotox- 
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ins, which interact with  cell membranes, and  the  a-neurotoxins, 
such as erabutoxin  (Ebt) and  a-bungarotoxin (Bgt), which are 
antagonists at  the acetylcholine receptor (Karlsson et al., 1984; 
Endo & Tamiya, 1991). 

The fasciculins inhibit AChE of mammals and fish  with  disso- 
ciation constants between 0.4 and 100 pM; the fasciculin-AChE 
complex, as measured with Fasl and Fas3, has an extremely  slow 
rate of dissociation, with half times of several hours. Fascicu- 
lins are also selective in their action because avian,  insect, and 
snake  AChEs are relatively resistant to them and micromolar 
concentrations are required to inhibit butyrylcholinesterases 
(BuChEs) from mammals (Karlsson et al., 1984; Cervenansky 
et al., 1991; Radic et al., 1994). Fasl and Fas2 have nearly equiv- 
alent dissociation constants, whereas Fas3 has a 10-fold lower 
dissociation constant for  rat brain AChE (Marchot et al., 1993). 

Recent studies show that Fas3  binds to diisopropylfluorophos- 
phate (DFP)-inhibited enzyme, and that  DFP can still enter the 
active center gorge of the Fas3-AChE complex (Marchor et al., 
1993). Moreover,  peripheral site inhibitors such as propidium 
(Taylor & Lappi, 1975), and  not active center inhibitors, are 
competitive with the binding  of  fasciculins  (Karlsson  et al., 1984; 
Marchot et al., 1993). Thus, fasciculin appears  to influence 
AChE catalysis in an allosteric fashion.  Indeed,  modification 
of residues residing at the rim of the active center gorge and not 
residues at  the  substrate binding site markedly influences fas- 
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ciculin binding  (Radii et al., 1994). Hence, fasciculin inhibition 
could  arise  both  from a gating  influence,  therein  restricting 
substrate  entry  into  active  center  gorge  and  from  exerting  allo- 
steric  control  over  the  commitment  to  catalysis  of  the  bound 
substrate. 

The  availability  of  the  three-dimensional  structure  of  AChE 
from Torpedo californica (Sussman et al., 1991) provides  the 
first  structure  of  the  target  site  for  the  family of three-fingered 
Elapidae  toxins  and  has  prompted renewed interest  in  studying 
the highly selective interactions between this family of  toxins and 
their  binding  sites.  In  this  study we detail  the  structure of the 
fasciculins in relation  to related toxins in order  to  delineate fea- 
tures responsible for their  specificity for  the  AChEs.  Secondly, 
we analyze fasciculin interaction  with  the  peripheral site on 
AChE by procedures  that initially establish a precollision ori- 
entation  and  subsequently  analyze  probable complexes on  the 
bases of  electrostatic  forces,  surface  area of contact,  and sur- 
face  topography of the respective  molecules. 

Results 

Electrostatic properties of the  toxins deduced 
from their three-dimensional structures 

Internal structure stabilization 
The  complete  structural  maps of Fasl (le Du et al., 1992) and 

Ebt-b (Smith  et al., 1988) obtained  from their crystal  coordinates 
are  presented in Figure  1A  and B. Figure IC and D shows  only 
the  regions of Fas2  and  Fas3  that  differ  from  Fasl.  The  over- 
all folding of fasciculins as  shared with other toxins  mainly con- 
sists of  three  loops  forming a large  and  flat  triple-stranded 
antiparallel 0-sheet  (Kinemage 1; le Du et al., 1992; Pillet  et al., 
1993). In  Fasl  the 0-sheet is formed by residues  Cys 22-Arg 27, 
Val 34-Cys 39,  and Leu 48-Cys 53. Formally  Cys 3-Cys 4 and 
Leu 14-Thr 15 also  form a 0-strand.  Loop I consists of residues 
5-15, loop I1 of residues 24-38 and  loop I11 of  residues 43-50 
(le Du et al., 1992). 

Fasciculin I .  The vast majority  of  residues of Fasl  are sol- 
vent accessible. Only two,  the disulfide-linked  Cys  3 and Cys  22, 
show no solvent  accessibility.  Several  residues (Tyr  4, Leu  14, 
Tyr  23,  Arg  37, Leu 48) are  only  partly  solvent accessible. Sev- 
eral of  these  residues located in homologous  positions  on  other 
toxins  are less accessible.  Virtually all  potentially  charged resi- 
dues in this family  of toxins  are fully accessible to  solvent;  only 
Arg 37 is partly accessible. 

Initial  observations  of the three-dimensional structure of Fasl 
reveal the following distribution of charged residues  (Kinemage 
I). The  electrostatic fields produced by the  cationic  side  chains 
of Arg 11, Lys 25, Arg 27, and  the  anionic side  chains  of Asp 45 
and  Asp  46  are  located  on a common  surface  area  of  the  mol- 
ecule. This  confers a small  overall positive charge  to  this side. 
The  cationic side chains of Arg  24,  Arg 37, Lys 51,  Lys 58,  the 
obliquely  oriented  side  chains of Arg  28  and Lys 32,  and  the 
negatively charged side chains of Asp  57,  Glu 49, and  carboxyl- 
terminus of Tyr 61 are  located  on  the  opposite  surface of the 
molecule. Cationic residues Arg 27, Arg 28, and Lys 32 are 
located  at  the  tip  of  loop 11, whereas  anionic  Glu  19  and  posi- 
tive amino-terminus  of  Thr 1  reside on  the  opposite  end of the 
molecule. 

There  are  three  significant  clusters  of  hydrophobic residues 
in  this molecule: (1) a cluster  that  contains  Pro  42,  Pro  43,  and 
Val 50 of  loop 111 and  Tyr 23 of  loop 11; (2) a cluster  that  con- 
tains Leu 48 and  Tyr 47 of loop 111, the  hydrophobic  portion 
of  the side chains of Arg 27, and  Leu 35 of loop 11; (3) a  clus- 
ter  formed by Tyr 4 and Leu  14  of loop I, and  the  hydrophobic 
parts of the side chains  of Lys 58 and  Tyr 61 located  in the  area 
of  the  disulfide  core of the molecule. This system of hydropho- 
bic clusters likely stabilizes the  overall  structure of the fascicu- 
lin molecule,  as  found  for  other  toxins (Fig. IB). 

Salt bridges formed between  positively charged residues of 
loop I1 and negatively charged  residues  of  loop 111 constrain 
these  loops  significantly in Fasl ;  such  strong  electrostatic  con- 
straints do not occur  in the  a-neurotoxins,  Ebt, Bgt, a-cobratoxin 
(Cbt),  and in cardiotoxin Vi' (Cdt).  Those  bridges  impart  ad- 
ditional rigidity to  the fasciculin  molecule loops when compared 
with the  homologous  a-neurotoxins. 

Fasciculin 2. Fasl  and  Fas2  differ  by  single  substitution 
Tyr 47 Asn.  This  difference  does  not  affect  the rigidity of  the 
fasciculin molecule because  all  of  the  strong  electrostatic  con- 
straints between loop I1 and  loop I11 are  maintained in the pres- 
ence of the  Asn  residue  (Fig.  IC). 

Fasciculin 3. In  Fas3  two  additional  charges  appear in loop 
1: Lys 15 and  Asp 16 (Fig. 1D).  These  are  significant  modifi- 
cations  because  Arg 11 is the  lone positive charge in this  area 
for  Fasl  and  Fas2.  In  the  minimized  structure of Fas3 Lys 15 
is not  linked by any salt bridge  to  other  residues.  This  imparts 
an  additional density of positive charges in the  loop 1 area.  The 
negative charge  on  Asp 16 is mostly compensated by the  amino- 
terminus  strengthening rigidity of  loop 1 together  with  an  ad- 
ditional (Ile 2-Leu 14) hydrophobic  interaction. Because Fas3 
has an  order of  magnitude higher affinity than  Fasl  for  rat brain 
AChE  (Marchot et al., 1993), this positively charged  area  of 
loop I is presumed  to  contribute  substantially  to  the  stabiliza- 
tion energy for  Fas3  binding  to  AChE. 

Structural bases of functional properties 
To determine  the  structural  features in the fasciculin molecule 

that  contribute  to  its  mode  of  action, we compared  the  three- 
dimensional  structures of the fasciculins to  those of a-neuro- 
toxins, which are  antagonists  at  the nicotinic  receptor: Cbt, Bgt, 
Ebt  (Fig. IB), and  to  that of Cdt.  Fasl  shows  substantive  dif- 
ferences  at  the  following  positions. 

Loop I. Conservation  of Arg I I is a feature unique to  the fas- 
ciculins.  Only  four  a-neurotoxins  out of a family  of 104 have 
a positively charged  residue  in  this  position,  but  two  of  them 
have a neighboring negative residue yielding charge  compensa- 
tion  (Endo & Tamiya, 1987). Several a-neurotoxins (19 out of 
104) have  a negatively charged residue in this  position. The  maps 
of  toxins  shown  in  Figure  1 reveal the uniqueness of  Arg 11, con- 
tributing to  the exposed  positive charge of its loop I to  the elec- 
trostatic  profile of fasciculin.  Similar positive  residues are  not 
found in Bgt and  Ebt  (Fig. 1B). The  uncompensated positively 
charged  residue Lys 15 of Bgt and  Ebt is located  much closer 
to  the base  of loop I and  to  the  amino-terminal positive  residue 
Thr 1. Accordingly, it does  not  change significantly the electro- 
static  profile in the  area  of  the  amino-terminal residues. Lys is 
the  most  common  residue  for  a-neurotoxins in position 15. A 
far smaller number of a-neurotoxins (12 of 104) have  a positively 
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Fig. 1. Maps of the  charge  distribution  and  proximity  of  charged resi- 
dues in the  toxins.  Horizontal  filling,  positively  charged  residues; ver- 
tical  filling,  negatively  charged  residues;  dotted  filling,  hydrophobic 
residues;  arrows  at  one  end,  intramolecular  electrostatic  interactions; 
dashed lines, hydrogen bonds; solid lines, hydrophobic interactions; solid 
lines  with  the  arrows  on  both  ends,  disulfide  bonds. Bold circled resi- 
dues  are  cysteines. A: Fasl. B: Erabutoxin  b. C: The  portion of Fas2 
that  differs  from  Fasl. D: The  portion of Fas3  that  differs  from Fasl. 
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charged  residue in position 13. In Cbt,  the positively charged 
Lys 12  is compensated by negative Asp 13, and  the  electrostatic 
field only  influences  the very amino-terminal residues Ile 1 and 
Arg 2. These  differences  cause significant changes in electrostatic 
field distribution between the fasciculins and  the  a-neurotoxins 
(Fig.  2). The specific  positioning of positive residues Lys 12 and 
Lys 5  in Cdt  differs  from  Cbt,  Ebt,  and  Bgt,  and  confers  to 
loop I an  electrostatic  profile closer to  that of fasciculin. 

Loop II. The  noteworthy  feature of loop I1 in the fasciculin 
molecule is the  presence  of six  positively charged residues: 
Arg 24, Lys 25, Arg 27, Arg 28, Lys 32, and  Arg 37. Two of 
them, Lys 25 and  Arg 27, are weakly compensated. Neverthe- 

less, these  residues are  positioned  to have the  nearest  opposite 
charge  neighbor at  the distance about 8 A. The closest negatively 
charged  residue  to  Arg 11 is more  than 21 A away. In this ar- 
rangement  the  charge  on  Arg 11  is more likely to  interact with 
a distant  charge  on  AChE  than would the charges on Lys 25 and 
Arg 27. The  difference between  energies of  interaction with 
AChE  of  the  uncompensated  charge  and  dipole  are significant 
at  the distance  of 20 A. These  considerations point to an  uncom- 
pensated  charge  of  Arg 11  from  loop I playing the  more signif- 
icant  role in  fasciculin docking to  the  surface  of  AChE.  Other 
toxins  have  much  smaller  differences in charges between loops. 
In  Ebt (Figs. lB, 2B) the  charges of polar residues are  compen- 
sated,  creating  pairs of opposite  charged residues  within the 
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Fig. 2. Electrostatic isopotential surfaces superimposed with the CPK 
model (gray spheres) of  toxins.  The red surface corresponds to the iso- 
potential contour - 1 kT/e, and the blue surface corresponds to the iso- 
potential contour +1 kT/e, where k is the Boltzmann constant, T i s  
temperature, and e is the electronic charge. In the upper  right quadrant 
is shown the or-carbon structure oriented with the CPK model. A: Fas- 
ciculin 1. B: Erabutoxin b. 

loop: Asp 31-Arg 33, Lys 274111 38. The residue Arg 39 is 
partly compensated by the carboxyl-terminal charge, and as a 
result, the overall charge of this loop in Ebt is smaller. A simi- 
lar situation exists in Bgt where compensating pairs are created: 
Asp 30-Arg 36 and Arg 25-Glu 56, whereas Glu  41 and Lys 26 
are not close enough for charge compensation. The overall pos- 
itive charge of loop I1 is mainly due  to uncompensated Lys 38. 
In Cbt, loop I1 contains  four cationic residues and two anionic 
residues, which makes its overall charge positive. Cdt has a dis- 
tribution of positive charges close to fasciculin, but the position 
of uncompensated cationic residues, Lys 29 and Lys 30, at the 
tip of loop I1 makes it possible for this loop to play a signifi- 
cant role in the binding of this toxin. 

H. K.  L. van  den  Born  et ai. 

Some of the positive charges in loop I1 are not specific to fas- 
ciculin: Arg 24 (represented by Arg 25 in a-Bgt and by  Lys 23 
in Cdt) and Lys 25 (represented by  Lys 26 in a-Bgt and by  Lys 27 
in Ebt). The  short neurotoxins of 60-62 amino acids (Karlsson, 
1984; Endo & Tamiya, 1987) often have both of these positive 
charges on positions 24 and 25. For  Ebt, Lys 27 was proposed 
to be at  the receptor binding site (Faure et al., 1983; Martin 
et al., 1983; Pillet et al., 1993). Arg 37 is common to many 
toxins represented as Arg 39 in Ebt and Arg 36 in Cdt (Rees 
et al., 1990). However, the following residues are unique to the 
fasciculins: 

Arg 27: The majority of short a-neurotoxins, Ebt (residue 29), 
Cbt (residue 25), and long neurotoxin a-Bgt (residue 28) have 
a Trp residue at this position. Trp is conserved as a  part of a 
&strand and is also thought to be  involved  in the binding of the 
these toxins to the nicotinic receptor (Faure et al., 1983; Pillet 
et al., 1993). 

Arg 28: Although present in 23 of 104 three-fingered toxins 
(Endo & Tamiya, 1987), this positive charge in all fasciculins is 
immediately compensated by the highly conserved neighboring 
residue, Asp 46 from loop 111. 

Phe 3 1 in  fasciculins is substituted in many a-neurotoxins for 
a positively charged residue (Arg 33 in Ebt, Arg 33 in Cbt, 
Lys 30 in Cdt).  A possible role for this residue in a-neurotoxins 
is to create  a specific electrostatic profile selective for the nico- 
tinic acetylcholine receptor (nAChR) binding site. 

Lys 32 is present only  in fasciculins. Although no other toxin 
has  a positive charge in this position, many contain  a positive 
residue at position 33 or 34. 

Loop IZI. This  loop in the fasciculins has unique character- 
istics due to two negatively charged neighbors Asp 45 and Asp 46. 
Instead of Asp 45 most a-neurotoxins have a positive charge in 
the corresponding position (Lys 49 in Cbt, Lys 47 in Ebt, Lys 52 
in  Bgt).  Only 9 of 106 members of the three-fingered  toxin group 
have a negatively charged residue in this area. Only the fascic- 
ulins have a negative charge at position 46. Also, no short a- 
neurotoxin has a negative charge in position 49 (Glu 49 in Fas), 
although about 30% of long a-neurotoxins have negatively 
charged residues close to this position (Asp 53 in Cbt, Glu 56 
in a-Bgt). 

Lys 51 appears less important  to specificity. About 5 three- 
fingered toxins have the negatively charged group in the clos- 
est position (equivalent to 51 in Fas), whereas 30 of 104 toxins 
have a positively charged residue in this position (Endo & 
Tamiya, 1987). 

Precollision  orientations of Fasl  and AChE 

The most favorable electrostatic energies of intermolecular in- 
teraction for almost all rotational  orientations of Fasl (lowest 
in the free energy profile) are  found in the sectors of orbits 
(Fig. 3): circles 1,2, and 5 from -45" to 45"; circles 3 and 4 from 
0" to 90". This first step of selection gave a significant reduc- 
tion in the number of possible bound  conformations of Fasl. 

Rotational conformers that minimize electrostatic energy  were 
selected more precisely in the next step. The highest energy lev- 
els occur when charges of the same sign come in close apposi- 
tion to each other, and  the lowest occur when these charges are 
distant and the  opposite charges are proximal. Table 1 shows 
the most favorable rotational positions of Fasl in a precollision 
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Fig. 3. Stereo view of  five  circular  tracks  along  which  the Fasl molecule  was  moved  across  the  acetylcholinesterase  surface  for 
evaluating  intermolecular  electrostatic  energy.  Shown is the  AChE  orientation  with  a  central  axis  perpendicular  to  the  plane 
of  the  paper,  entering  the  active  center  gorge. 

orientation  to  AChE.  The  main low-energy positions  are X, Z 
and Y, X, which occur  in all circles. We also  included  other 
low energy  positions  for  further investigation: Y, -2; Y, - X ;  
Z, - Y; - Y, Z. The  chosen  positions  (Table 1) were further in- 
vestigated with  the  addition of five rotational  Fas  positions  to 
increase  the  overall  number of investigated  positions  to 15. To 
avoid  overlooking  of possible positions generally due  to  the dig- 
ital increments  of  angles,  only  the very high  energy positions 
were eliminated.  The selected positions were  investigated  with 
6"  increments  of  orbital  rotation. 

In  each  orbital  position,  three  orientations with the lowest 
energy were chosen.  These energy  values are  shown in Figure 4. 
Regions where the electrostatic energy values are  the most favor- 
able were  selected at  each  orbital circle. The selected positions 
are: circle I:  angles from -30" to 6" and angles from 12" to 36", 
orientations X, -Y and X, Z ;  circle 3: angles from  -48"  to 
-30", orientations X ,  - Y and - Y,  X ;  angles  from 36" to  54", 
orientation X ,  - Y; X, - Z  and X, Z ;  circle 4: angles from 
-24" to  6", orientations X, - Y and X, -Z;  angles  from  24" 
to 42", orientations Y, X and X, Z ;  circle 5:  angles from -42" to 
-18", orientations X ,  Z and X ,  Z. 

The  area  of  the  most  favorable  AChE-Fas1  interactions is 
shown  on  Figure  5A.  This specific area  surrounds  the  gorge en- 
trance of AChE. By investigating the precollision orientation of 
Fasl,  the results were refined.  The  preferred  orientation  of Fas 

is found  to  vary with  its translational  position.  At  the  central 
point (Fig. 5A)  position X, Z is favored,  as  the  loops  of  Fasl 
are  directed  toward  the  entrance  of  the  gorge.  Around  the cen- 
tral  point (O"), the X, Z orientations  are  preferred  to -X, Z for 
all circles. In  the X, Z orientation  the  electrostatic field  direc- 
tion  of  Fasl  roughly  points  toward  the  enzyme.  The large  neg- 
ative  electrostatic  potential existing in this region of  AChE 
(Rip011 et al., 1993; Tan et al., 1993) is the basis for  the  favor- 
able  interactions with the positively charged  loops I and I1 of 
the fasciculin molecule. 

Loop I is more likely to be oriented  toward  the  enzyme  than 
loop 111 because  on  one  hand Y, X; X ,  -Z ,  and X ,  - Y rota- 
tions have very low energies and  on  the  other  hand -X, -Z and 
Y, -X rotations have very high values. It appears  that  loop I 
is attracted  toward  the  right  side of AChE  defined by an  angle 
of 90" in circle 3 (Figs. 3,  5A).  When the  Fasl molecule is moved 
on circle 1 from -30" to 30", the  most  preferred  orientation is 
changed  from X, - Y to  X, Z ,  again  turning loop I toward  the 
right side of the  AChE molecule  (Fig. 3). 

Orientation X ,  - Y with the  loop  tips  toward  the right  side of 
the  gorge (Fig. 3) is more  favorable  than -Z, - X .  Movement 
toward this side is nearly  parallet  with the general direction  of 
the electric field in the  AChE molecule. 

Analyses of  the preferred orientations of all circles over a 10-A 
intermolecular  distance reveal that  the electric  fields of  AChE 

Table 1. Favorable orientations of Fasl as found at the various circles 
(according to Fig. 3) 

Circle -45" 0" +45" 90" 

~ " _ _ _ _ _ _  __-_______ ~ ~~~~~~ . .___ 

I y, x x, z; Y, x x, 2; Y, x; z, - Y 
2 Y, -z 
3 
4 

x, 2; Y, x; z, - Y x, z 
x, z x, z; z, - Y  x, z;  Y, x 
x, z; Y, x x, z; Y,  x; z, - Y x, 2; Y, x 

5 Y, x; Y, -x, 2, - Y  x, 2;  -Y ,  z x, z 
_ _ _ _ _ _ ~ . . ~  "~ 
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and Fasl are closely aligned. This suggests an approach with  ei- 
ther Arg 11  of loop I or the tip of loop I1 facing toward the gorge 
of AChE. At intermolecular distances greater than 15 A, the dif- 
ferences between various orientations of Fasl begin to vanish. 

Hence, a focused electrostatic guidance of Fasl alone leads 
to a precollision position at  the surface of the  AChE molecule, 
near the gorge entry. This position results mainly from the ori- 
entation of the electrostatic fields of AChE  and Fasl.  The next 
step is the determination of possible AChE-Fasl complexes. 

B -100 - 

-200 - 

-300 - 

-400 - 

-500 - 

-o- circle 4b 

-600 I 1 I I 

-60 -40 -20 0 20 40 60 

position  angle (") 

x 
P 
C 
W 

-0- circle 1 b 

- 0 circle 1c 

-60 -40 -20 0 20 40 60 

position angle (") 

Fig. 4. Representative electrostatic energies  of AChE-Fasl interactions 
using different  positions of the  Fasl molecule. In each circle, the  three 
lowest energy orientations  are represenSed  by three distinct symbols. 
A: Circle 5 ,  average minimal distance 10 A betweep surfaces of two mol- 
ecules. B: Circle 4, average minimal distance 10 A between surfaces of 
two molecules. C: Circle 3, average minimal distance 10A betwee! sur- 
faces of two molecules. D: Circle 1, average minimal distance 10 A be- 
tween surfaces of two molecules. E: Circle l ,  average minimal distance 
20 A between surfaces of two molecules. 

Complexation of AChE and  Fasl 

The  orientations of Fasl with loop I and the tip of loop I1 
approaching  the region of the aromatic triad cluster (Tyr 70, 
Tyr 121, Trp 279) at the peripheral site of AChE were consid- 
ered for further analysis. These three residues  residing at the rim 
of the  AChE gorge account for  the selectivity of the fasciculins 
for  AChE over BuChE ( K ,  = 2 pM versus 200 p M  for mouse 
enzymes) (RadiC  et al., 1994). The distance between Arg 11 of 
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A 

' I  

Q 
a-rotation 

Fig. 5. Interaction of Fasl with recognition  site on AChE. A: Area of 
possible  binding of Fasl on the surface of  AChE  calculated  from  the 
precollision orientations (lighter area is the simplified  region of the 
gorge). Position of the AChE  peptide  chain is shown in Figure 3. 
B: Movement  of the Fasl molecule  during the complexation  procedure. 

Fasl  and  each  amino  acid  of  the  AChE  peripheral  aromatic 
triad cluster  was constrained t o  4-6 A. Putative complexes were 
formed in two steps. Firstly the  Fasl molecule was rotated  along 
its  y-axes (Fig. 5B) for a complete circle of 360" in 30" incre- 
ments (a-rotation).  At each 30" position, Fasl was rotated  along 
its  0-axis  in 30" increments  again  in a complete circle. The 0- 
axis  starts  at  the  center  of  the  peripheral  aromatic  triad  cluster 

and leads to  the center of Fasl. Then,  after each Fasl  0-rotation, 
an  AChE-FasI  complex was created by moving the  Fasl mol- 
ecule (y-rotation)  toward  AChE  surface  to maximize inter- 
molecular  contacts  within  the  distance  where van der Waals 
forces  could  be  considered.  The  three  rotations  are depicted in 
Figure 5B. In this  way, 144 putative complexes  were  generated. 

The  orientations  of  AChE  and  Fasl  side  chains in selected 
complexes were then minimized to  make  the  complex less de- 
pendent  on  the fixed orientations  of  the respective  crystal struc- 
tures. Sixty complexes of lowest interaction energy were selected. 
After minimization the final  energy  values  showed  a  significant 
drop  and were nearly  equivalent.  About 90% of  this energy 
arises from  the electrostatic component  and  the remainder from 
van  der Waals' forces. A similar  general  pattern  of local  mini- 
mal  energies was seen for  both  cutoff  distances  of 12 A and 
1 0 0  A. We eliminated the largest electrostatic  energy complexes. 
Forty-one complexes remained  after  this selection. The follow- 
ing  selection  was  based on  the  electrostatic energy and  buried 
surface  calculations.  For  the selected  complexes the  range  of 
electrostatic energies at a 100-A cutoff distance were from -663 
to  -1,014 kcalhol ;   a t  a 12-A cutoff  distance,  they were from 
-439 to -807 kcalhol  and  the buried  surface  areas  ranged 
from 832 to  2,378 A'. The  absolute values of energies do  not 
have a  specific reference  point,  and we considered  only  the  dif- 
ferences between these energies for various complexes. The elec- 
trostatic energy  values  with the 12-1\ cutoff  mainly reflect the 
short-range interactions of fasciculin with AChE  and 100-A cut- 
off values also  encompass  the  long-range  electrostatic  inter- 
actions.  Taking  into  account  the  numerous  approximations  of 
theoretical  calculations of this  kind, we used both energy val- 
ues for  the selection of  complexes.  For six selected  complexes, 
the values of  these  parameters  are  the following: complex 25: 
electrostatic  energy ( 1 0 0  A) -1,015 kcal/mol,  electrostatic  en- 
ergy (12 A) -767 k c a l h o l ,  buried  surface 1,688 A'; complex 
36:  -927 k c a l h o l ,  -734 k c a l h o l ,  1,431 A'; complex 39: 
-860 kcal/mol, -808 kcal/mol, 1,508 A'; complex 45: -823 
k c a l h o l ,  -698 k c a l h o l ,  1,411 A'; complex 58: -862 kcal/ 
mol, -699 k c a l h o l ,  1,216 A'; complex 60: -880 kcal/mol, 
-697 k c a l h o l ,  1,300 A'. Other complexes  with larger  buried 
surface  areas have the higher electrostatic energy values and were 
eliminated.  Complex 25 appears  most  favorable  among  the list, 
where it is found  to  have  the  global  minimum  of  electrostatic 
energy ( 1 0 0  A) and close to  the  global  minimum in 12-A cutoff 
calculations.  It  also  has a substantial  buried  surface  area. 

We then  calculated  the  favorable  interactions between  side 
chains  of fasciculin and  AChE  of these  complexes to  make a fi- 
nal selection. We find  that  complex 36 has  the  same intermolec- 
ular  interactions  as  complex 25 and very similar energy  values. 
It falls into  the  same  family  as  complex 25 and  was  eliminated 
because of slightly higher energy than complex 25. Similarly, two 
complexes, 45 and 39, happen  to  be in one  family,  and complex 
39 was  chosen.  Complexes 58 and 60 were also nearly  identical, 
but  complex 58 has  the  larger  number  of  favorable intermolec- 
ular  contacts  (Table 2), so it was selected. 

Three complexes emerged based on optimizing the parameters 
used  in this  strategy: 25, 39, and 58. Table 2 shows  the residues 
of  AChE in contact with Fasl in the selected complexes. Table 3 
shows their intermolecular  interactions,  and  the  coordinates  of 
the complexes are contained in the Electronic Appendix. A com- 
parison  of possible contacts  of  AChE  and  BuChE in the  final 
complexes leads to  the  following  considerations. 
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Table 2. Calculated contact regions of the 
AChE-Fasl complexes 

Complex  Contact  residues of Torpedo  AChE 

25 10-16, 121, 219-280, 285-287, 332-342, 348-358, 362-312 
39 68-18, 120-121, 250-256,  265-285, 333-336 

" 

~___"  

58 39-42,  63-93, 121, 268-285, 333-336 
.~ 
" - 

Complex 25 (Fig. 6A; Kinemage 2) 
In this  complex, Arg 24, Arg 27, and Arg 28 in Fasl  are likely 

to  be stabilized by negative charges in AChE,  of which Glu 350 
is a primary  candidate. Because this  residue exists as Lys in 
BuChE,  the  change in binding energy associated with the  mu- 
tation  would  be  one  means  for assessing this  complex. 

Complex 39 (Fig. 6B; Kinemage 3) 
Near the  contact positions  in  this  complex, several residue dif- 

ferences exist between AChE  and  BuChE:  Glu 73 Gln,  Glu 268 
Asn, Lys 270 Asp,  Asp 276 Leu,  and  Asp 285 Gly. Some of these 
substitutions might be expected to  diminish the  contributions of 
Arg 11 and  Arg 37 in Fasl  for stabilization of this complex. Sub- 
stitution  of Glu 268 Asn in the  AChE  molecule  should result 
in the  loss  of  the  Arg 27-Glu 268 interaction.  Substitution  of 
Lys 270 Asp  should result  in the loss of  the  Asp 45-Lys 270 in- 
teraction  and  create  repulsion between two negatively charged 
side  chains.  Substitution of Asp 276  Leu should result in loss 
of interaction with Arg 24, Lys 25, and  Arg 37. Substitution of 
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Asp 285 Gly should  diminish  the  attraction of  Arg 1 I toward 
the  gorge. 

Complex 58 (Fig. 6C; Kinemage 4} 
The  area of intermolecular  interactions in this  complex is 

nearly  identical  for  AChE  and  BuChE  and  points  to  the  aro- 
matic  triad  cluster  (Tyr  70,  Tyr 121, Trp 279) at  the  peripheral 
site as  primarily  accounting  for  the selectivity differences be- 
tween AChE  and  BuChE. 

Discussion 

Taking  into  consideration  the  high  electrostatic  potential of 
AChE  and its unique  surface  charge  distribution  oriented toward 
the  gorge,  one  may  assume  that these factors  can play a deci- 
sive role in guidance of the molecules found  to  associate with 
AChE. Recent theoretical  calculations revealed the  importance 
of  this  concept for association  of cationic  substrates with AChE 
(Ripoll et al., 1993; Tan et al., 1993). The  question  of specific- 
ity of  peptide  toxin  binding  to  AChE is critical  because among 
the family of more  than 100 three-fingered toxins,  only  the fas- 
ciculins bind with high affinity to AChE. 

Elimination of surface  charges  peripheral to the  gorge through 
mutagenesis  appeared to have little influence on substrate ca- 
talysis (Shafferrnan  et  al., 1994). However, several changes 
within the  gorge itself were not included in the  permutations  of 
mutations.  Glu 199 and  Glu 443 within the  gorge  are critical for 
both  inhibitor binding and catalysis (Radic et al., 1992, and  un- 
publ.  data).  Other  anionic residues also exist within or near the 
gorge, which give rise to mutant enzymes with sufficiently  low 

39 

58 

Table 3. Contact residues of Fasl (shown in italics} and Torpedo AChE in the selected complexes 
~ ___________. ~ ~~ - _ _ _ ~  __ ~ ~~ "" ~ _____ ~~~ ~ _ _ ~  __ " 

Electrostatic  interactions  Hydrophobic  contacts 
~~~ ~ ~ _ _  ~__  . ~ ~~~ ~~~ Possible 

Complex <6 A 6-9 A <4 A 4-5 A hydrogen  bonds 

25 
__~  ~ ~-~ _ _ ~  -~~~ ~ ~~~ 

R24-E350 
R24-D351 RII-D216 L35-K351  P3ILV356 T9-P337 
R27-D365  K32-E350  R37-P331  Y61-P331 T 9 4 3 3 8  
R27-D369  R37-D285 SIO-L332 
R37-D351  R37-E350 Rl l -Y70 
K5I-E350  RII-W219 

~~ - ~~~ 

R l l - D l 2  
~ 

P31-L368 R27-L368 T7-D285 

R24-E350 
R27-V365 
K3Z-M353 
Y61-D351 

R l l - D l 2  R244E213  %-E73 
R27-E268  R24-D276 H6-Yl0  
R27-E213 K25-D216 R l l - Y l 0  
D45-K210 R37-D276 RllLY334 

D46-K210  Y47-E268 

R l l - D l 2  D45-R88 H6-474 
R27-E89  K25-El3 H6-Yl0 
R37-D216  K25-E82 T7-Vl1 

R24-D276 SIO-D216 
R27-E89 R I I - Y l 0  
R27-E92  R37-El3 
R27-D93  Y47-E89 
R37-El3 

~ _ _ _ _ _ _ _ _ _  ~ ~ _ _  ~ .~ 
~ __ _ _ ~ _ _  ~- - ." .__ 

P31 -K269 113-PI6 
L35-K210 
Y47-K270 
L48-K210 
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activity to preclude study. This may point to a cluster of charges 
focused toward the gorge as being  responsible for the associations 
of small ligands and the  orientation of associating fasciculin. 

The potential intramolecular interactions stabilizing loop I11 
in Fasl relative to Fas2 can be compared to the increase in num- 
ber of interactions  in  loop I of Fas3 relative to  Fasl  and Fas2. 
Only Fas3 has an appreciably higher affinity  among the fascic- 
dins (Marchot et al., 1993),  which suggests that  loop I could 
play the  more important role in association of Fas and AChE. 
The six positively charged residues in loop I1 of fasciculin with 
their distinctive charge compensation are Likely to be critical for 
its orientation toward the enzyme. These differences create an 
electrostatic potential for Fas  unique  among  the three-fingered 
toxins. Our calculations of precollision orientation of Fasl, 

I 

which took into  account only the charge distribution on AChE 
and Fasl  and  no other preconditions, resulted in positioning of 
the fasciculin  molecule in the region  of AChE close to the gorge 
entrance and near the three  aromatic residues that have been 
shown by mutagenesis to be  involved in the AChE-fasciculin in- 
teraction (RadiC et al., 1994). Electrostatic guidance calculations 
can therefore lead to a reasonable positioning of fasciculin in 
apposition to a specific region of AChE. The drastic change of 
electrostatic field  of AChE after the binding of Fas (Fig. 7) can 
definitely affect  the electrostatic guidance mechanism of the 
AChE-fasciculin complex toward subsequent entry of charged 
substrates. Recent  kinetic  experiments  where  fasciculin  can  serve 
as an allosteric activator and/or inhibitor of AChE depending 
on the nature of the substrate and mutated residues (2. RadiC 

Fig. 7. Electrostatic isopotential surfaces 
of Fasl and AChE. Orientation of the pro- 
teins is the  same in A and B. Red surface 
corresponds to the  isopotential contour 
- I  kT/e; blue surface  corresponds to the 
isopotential contour + 1 kT/e. A: Free state. 
B: Bound state of the complex. 
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D.  Quinn,  D. Vellom, S. Camp, & P. Taylor,  submitted for  pub- 
lication)  are  in  accord with this  notion.  Calculations  of  the  bur- 
ied  surface  of  the  complex  delimited  the possible orientations 
of  the  complex  to a number  realistic  for  designing  mutagenesis 
studies on fasciculin  and  AChE. 

Of  the  three  complexes  (Fig.  6A,B,C),  for  complexes  58  and 
39,  Fas is located  on  the  surface  of  AChE,  actually  capping a 
disulfide  loop between residues  Cys  60  and  Cys 97. This  loop 
serves as a flap  that  opens  the binding  site for substrates in Can- 
dida rugosa and Rhizomucor miehei lipases  (Brzozowski  et al., 
1991; Grochulski  et  al., 1994). These  enzymes  show  homology 
in  sequence  and  overall  a-&hydrolase  fold  characteristics  of 
AChE (Ollis  et al., 1992). Hence, it  is possible  that  the  dimin- 
ished  catalytic  capacity  of  the  fasciculin-AChE  complex  may 
also  arise  from  constraints  imposed  on  this region that  restrict 
the  conformational flexibility of  AChE. 

The  known three-dimensional structures of Fasl (le Du et al., 
1992) and  AChE  (Sussman  et  al., 1991) allow  for  multiple  and 
complementary  approaches  to  study  the  complex.  Initial  stud- 
ies showing  competition  between  propidium  and  fasciculin 
pointed  to fasciculin interactions  not  occurring  at  the active  cen- 
ter  of  the  enzyme  (Karlsson et al., 1984). Subsequent  studies 
showing that fasciculin will bind to  the  DFP-conjugated enzyme 
and  that  the  active  center  of  AChE  can  be  phosphorylated by 
DFP when fasciculin is bound (Marchot et al., 1993) provide  im- 
portant  documentation  of accessibility to  the active  center  gorge 
in  the  complex. Site-specific mutagenesis  has revealed that res- 
idues that  form  the acyl pocket  and  the choline binding site have 
minimal  influence on fasciculin binding,  whereas  modification 
of three residues Trp 279, Tyr 121, Tyr 70 at  the rim of the gorge 
have  the  major  influence  and  can  actually  account  for  the  free 
energy difference of  fasciculin binding  to  AChE versus BuChE 
(Radic et al., 1994). Moreover,  the  importance  of cation-*- 
electron interactions  that could  arise between positively charged 
residues  of fasciculin and  this  aromatic  cluster  have been well 
documented in quantum chemical  calculations (Kim et al., 1994). 
Hence,  the  surface  for  binding  can,  at least  in part, be defined 
by this  aromatic  cluster  at  the  top  of  the  gorge. 

At  present,  there is only  fragmentary  chemical  modification 
data  and  no  mutagenesis evidence  with the fasciculin molecule 
to  aid in assignment of interacting residues. Cervenansky  and 
colleagues (1994) have  shown that acetylation  of residues Lys 25, 
Lys 32,  and Lys 51 of Fas2  partly  reduces  its  interactions  with 
AChE.  These  three  residues  appear involved  in the  intermolec- 
ular  stabilization  of  loop I1 in fasciculin and  their  modification 
may lead to  destabilization  of  its rigid structure, a finding  not 
revealed upon  examination  of  the  CD  spectra of the  modified 
molecule. Also, in our calculations Lys 51 and Lys 32 are shown 
to play  a role in electrostatic  interactions with AChE in com- 
plex 25. Lys 25 is involved in  electrostatic  interaction with AChE 
in complexes 39 and 58 (Table 3). The theoretical considerations 
presented  here define  the  unique  features of the fasciculin struc- 
ture  and  should enable us to distinguish the  more  probable bind- 
ing  orientations of the  complex. 

Methods 

Initial protein structures 

The crystallographic coordinates  of Torpedo AChE,  code  lACE 
(Sussman  et  al., 1991), Fasl,  code  lFAS (le Du et al., 1992), 

a-bungarotoxin,  code  2ABX (Bgt) (Love & Stroud, 1986), car- 
diotoxin Vi', code  lCDT  (Cdt) (Rees et  al., 1990), erabutoxin  b, 
code  3EBX  (Ebt)  (Smith et al., 1988), and  a-cobratoxin,  code 
lCTX  (Cbt)  (Walkinshaw et al., 1980), were  retrieved from 
Brookhaven Protein  Data Bank (WWW: http://www.pdb.bnl). 
All  structures were reexamined  to  add  unresolved  atoms with 
Insight 2.3.0 and  Homology  programs (Biosym Technologies, 
Inc., 1994, San  Diego,  California).  Charges were  assigned ac- 
cording  to  average pK,'s of  the ionizable  side  chains a t   pH 7.5. 
We performed  the  short steepest decend  minimization cycle to  
relieve strain in the side chains  and  also  energy  minimized  the 
regions that deviated from  the crystal structure with the Discover 
program (Biosym  Technologies, Inc., 1994). Raman  and NMR 
spectroscopy  show general agreement between the  solution  and 
crystal  structures  of  some  members  of  the  three-fingered  toxin 
family  (Love & Stroud, 1986; Endo & Tamiya, 1987). The  mo- 
lecular  models of Fas2  and  Fas3,  whose  crystal  structures  are 
not  known, were constructed using the residue  replacement with 
the Insight  2.3.0. program.  Side  chains were then minimized 
using the Discover program  to  avoid  artificial  constraints. 

Calculations and display of electrostatic fields 

Electrostatic  potential fields of  the  toxins  and  AChE were  de- 
termined  using  the  linearized  Poisson-Boltzmann  equation 
solved numerically by the  Delphi 2.5 program (Biosym  Tech- 
nologies Inc., 1994). The dielectric constant  of water was set to 
80, and  that  of  the  protein  interior  to 2. An  ionic  strength  of 
0.145 was  used. The grid had a spacing of  0.9 A and overall size 
of  57.8 A. 

Precollision orientation procedure 

The precollision orientation of the fasciculin molecule relative 
to  AChE was calculated using  a strategy  that  considered  only 
electrostatic  interactions. Coulombic energies of electrostatic  in- 
teraction between AChE  and  Fasl were calculated by summing 
the  contributions  of  partial  charges  of  all  atoms  of  these  two 
molecules  using  the  Docking  program  of  Insight 2.3.0 and 
CFF91  force  field.  Interactions were measured  within  short 
(12 A)  and  long (100 A) range  cutoff  distances. 

The following  strategy was used. Five full circles were defined 
around  the  center  of  mass  for  AChE (Fig. 3). The  distance be- 
tween the  mass  centers of the  two molecules  was  kept constant 
at  56  A, a value  consistent with  a  20-A distance  as an average 
shortest  distance between AChE  and  Fasl  molecular  surfaces. 
In  local  regions  where  the  position was refined, we also used  a 
distance  of 10 A.  Each  full circle  was rotated in 45" incremen- 
tal  positions of Fasl,  and  the  electrostatic  interaction energies 
were calculated (Fig. 8). A zero  angle  refers to  the  position di- 
rectly above  an axis aligned down  the center of  the  AChE gorge. 

At  each of the  positions,  orientations of Fasl differing by 90" 
rotational  angles  around  the respective x-, y - ,  and z-axes, pre- 
suming  the  tip  of  the molecule fixed at  the  zero  point (Fig. 8A), 
were evaluated.  The x orientation is perpendicular to the  aver- 
age  surface  of  the  AChE  molecule (Fig. 8B). The  overall  num- 
ber of  possible  orientations of the  Fas  molecule was  24. These 
orientations were named by the  directions  of  the  orientation  of 
loops I1 and I (Fig. 8A),  presuming  the  orientation  of  the  loop 
I1 always  is directly  congruent  with  one of  axes. The  direction 
of  the  orientation  of  loop I is designated  after  the  direction of 
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Fig. 8. Precollision orientation of Fas I .  A, B: Representative  examples 
of Orientations of the Fasl molecule used for evaluation of precollision 
orientations  (positions X ,  Y and - Y, Z ) .  Symbols I and 111 denote  struc- 
tural  loops. C: Starting  position  of  Fasl  (position X ,  Z )  and  AChE used 
in  circle 3.  Dashed  line,  position of the  gorge. 

the  vector  component  associated  with  this  loop  that is perpen- 
dicular  to  the  direction  of  the vector of  loop 11 and lies in the 
same  plane as loops I, 11, and 111. So, for  example,  orientation 
X ,  - Y is the  orientation  where  loop 11 is directed  toward  the 
surface of AChE  along  the  x-axis (Fig. 8A)  and  loop 1 is ori- 
ented  toward  the - Y direction.  The  structure  of  the  Fasl  mol- 
ecule is rigid and  rather  flat, so the  direction  of  loop 111 always 
corresponds  to  the  orientations of loops I1 and I. Some of ori- 
entations were skipped initially due  to  strong  unfavorable elec- 
trostatic  interaction between AChE  and  Fasl. We eliminated, 
for example,  positions  where the tip of Fas  and/or  loop I11 were 
directed to  the  surface of AChE  (orientations Y, - X ;  - Y,  - X ;  
Z ,  -X). The  positions  with so-called “flat”  orientation, where 
the largest surface of Fasl is oriented  perpendicular  to  AChE 
(- Y, 2; - Z ,  Y ;  Z ,  Y; -Z, - Y), also  had relatively large elec- 
trostatic energies and were eliminated. The  same  situation holds 
for  other  orientations. In selected positions of Fasl  the energies 
then were measured  at every 6”  increment. All  of  these calcu- 
lations were made using our  own  semi-autonomous  programs 
in Insight 11. The  program  kept  the  AChE  molecule  stationary 
while translating  the  Fasl  molecule  to  each  position  around 
AChE  and  rotating it to  the  chosen  orientation.  During  the ro- 
tation of the  Fasl  molecule,  the axes connecting  the  mass cen- 
ters of both molecules  were  kept at a constant  length,  and  the 
point  of  internal  rotation of the  Fasl molecule was fixed close 
to  its center  of  mass.  With this procedure,  the  shortest  separa- 
tion  distance between the  surfaces  of molecules varied. 

Areas of molecular  surfaces  that  become inaccessible to sol- 
vent upon  formation of AChE-Fas  complexes were calculated 
using  the  Solvation 2.5 program (Biosym Technologies,  Inc., 
1994). In order  to  define these buried  surface  areas in the  com- 
plex, we calculated  the solvent-accessible surfaces  of  the  indi- 
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vidual molecules and of the complexes.  A molecular  surface 
algorithm  (Connolly, 1983) with  a  1.6-A radius of probe was 
used to  determine  the solvent  accessibility  of each molecule. 

Selection of fasciculin-AChE complexes 

In  the  first selection procedure  the  area of the  buried  surface  of 
interaction and its shape complementarity were weighed against 
the  complementarity  of  electrostatic field vectors  of  both  mol- 
ecules. For  example,  complexes  with relatively small  contact 
areas were  still  selected  if they  had  significant  complementar- 
ity of electric  fields,  whereas structures with small contact  areas 
and strongly  opposing electric field orientations were eliminated. 

The  topography of residues at  the  interface was closely eval- 
uated.  Complementary  groups were  aligned to maximize salt 
bridges  and  hydrophobic  clusters.  Complexes with  relatively 
small interfacial  areas  but significant complementarity of inter- 
facial  residues, by virtue of formation of  a significant  number 
of salt bridges  and  hydrophobic  clusters, were  selected for  fur- 
ther  investigation. 

Each  potential complex selected for  further investigation  was 
minimized using  the Discover 3.1  program (Biosym Technolo- 
gies, Inc., 1994) in CVFF  force  field.  This  afforded  an  oppor- 
tunity to adjust  the fit of the intermoIecular  complexes avoiding 
the  problem of “rigid  bodies.” Using this approach, we avoided 
rejection  of  remaining favorable complexes because  of  artificial 
van der Waals  energy barriers between nonenergy-minimized 
side chains  of  both molecules. A cutoff  distance  of 25 A was 
used in these calculations.  The  peptide  backbones  of  both  mol- 
ecules  were constrained  during  the  minimization. 
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